The use of detailed chemical reaction mechanisms of kerosene is still very limited in analyzing the combustion process in the combustion chamber of the aircraft engine. In this work, a new reduced chemical kinetic mechanism for fuel n-decane, which selected as a surrogate fuel for kerosene, containing 210 elemental reactions (including 92 reversible reactions and 26 irreversible reactions) and 50 species was developed, and the ignition and combustion characteristics of this fuel in both shock tube and flat-flame burner were kinetic simulated using this reduced reaction mechanism. Moreover, the computed results were validated by experimental data. The calculated values of ignition delay times at pressures of 12, 50 bar and equivalence ratio is 1.0, 2.0, respectively, and the main reactants and main products mole fractions using this reduced reaction mechanism agree well with experimental data. The combustion processes in the individual flame tube of a heavy duty gas turbine combustor were simulated by coupling this reduced reaction mechanism of surrogate fuel n-decane and one step reaction mechanism of surrogate fuel C 12 H 23 into the computational fluid dynamics software. It was found that this reduced reaction mechanism is shown clear advantages in simulating the ignition and combustion processes in the individual flame tube over the one step reaction mechanism.
Introduction
Detailed chemical kinetic simulation of the combustion process in the combustion chamber of the aircraft engine is very complex and still challenging. Kerosene is a mixture of hundreds, if not thousands, of hydrocarbons [1] . It is processed to meet a specification that covers a broad range of physical and chemical properties that include boiling range/volatility, heat of combustion, and freeze point. There is also a limit on the aromatic compounds concentrations in this fuel [2] . Development of chemical kinetic model for kerosene is a formidable task given its complex composition. Furthermore, although the detailed chemical kinetic mechanism can be developed for kerosene, coupling such detailed reaction mechanism into simulation of the combustion process in the combustion chamber of the practical aircraft engine is difficult due to the significant long computational time varying from a few days to several weeks. One possible way to solve this problem is to develop a surrogate fuel [3] for kerosene based on chemical class distribution and by matching physical properties such as volatility, density, boiling point, and molecular weight and develop a relative simple reaction mechanism for this surrogate fuel. Accordingly, the structure of the aircraft engine combustion chamber must be simplified.
Surrogate fuels are defined as mixtures of a few hydrocarbon compounds whose physical (formation enthalpy, boiling, critical points, etc.) and chemical (C/H ratio, fuel ignition, fuel sooting tendency, etc.) properties pertinent to those of commercial fuels. Various hydrocarbons, e.g., n-decane, toluene, ethylbenzene, and cyclohexane were reported extensively in the literatures as the components of surrogate fuels for kerosene. Considerable detailed reaction mechanisms were also developed for these surrogate fuels in order to predict their ignition and combustion characteristics [4] . Vovelle et al. [5] used a surrogate mixture of 90 vol.% n-decane and 10 vol.% toluene to reproduce the oxidation of kerosene in the premixed burner, and the detailed mechanism including 207 reversible reactions and 39 species was adopted. This mechanism gave a good agreement between the computed and the experimental mole fractions of most of the species. Lindstedt and Maurice [6] formulated a TR0 surrogate mixture containing n-decanebenzene or toluene, or ethylbenzene, or ethylbenzene-naphtalene. The combustion process of this mixture was modeled using a detailed mechanism, including 1085 reversible reactions and 193 species, and the computed concentration profiles versus distance to the burner fit the experimental results with a precision compatible with the experimental uncertainties. Cathonnet et al. [7] used a detailed mechanism, including 1463 reversible reactions and 188 species, for a surrogate fuel containing 78% n-decane, 9.8% cyclohexane, and 12.2% toluene by volume, to simulate the combustion process of kerosene TR0 in JSR, and concentration profiles versus temperature were modeled. The major and minor species were simulated correctly. However, benzene formation was under-predicted.
The detailed kinetic modeling of kerosene oxidation was initially performed using n-decane as a surrogate fuel, since n-decane and kerosene had very similar oxidation rates and flame conditions [8, 9] . A surrogate fuel containing only n-decane was used by Cathonnet et al. [10] to simulate the combustion process of kerosene TR0 in JSR at atmospheric pressure. A detailed mechanism including 603 reversible reactions and 78 species was developed for this fuel. Compared with the experimental results, the major species concentration profiles versus time were modeled correctly. Dagaut et al. [11] also used a detailed mechanism including 573 reversible reactions and 90 species for a surrogate fuel containing only n-decane to simulate the combustion process of kerosene TR0 in JSR at 10-40 atm pressure, and the major species concentration profiles versus temperature were modeled correctly. However, although using the single n-decane as the surrogate fuel for kerosene, the detailed reaction mechanism is still too complicated to be incorporated into computational fluid dynamic codes in simulating the combustion process of a practical combustor. These limitations forced scientists to develop reduced reaction mechanism by decreasing the numbers of chemical species and reactions without penalizing predictive qualities of the detailed reaction mechanism [12] .
In the previous studies, the CFD software FLUENT always be used to simulate the combustion process in the aero-engine combustor. However, as the surrogate fuel of kerosene, only fuel C 12 H 23 has been listed in the fuel database of this software, and the reaction mechanism of this surrogate fuel was very simple (one step reaction mechanism). The computed results such as temperature and emissions concentrations at the outlet of combustor were always different from the experimental data. So, in this article, firstly, we select fuel n-decane as a surrogate fuel for kerosene and develop a new reduced reliable reaction mechanism for this surrogate fuel, including 210 elemental reactions (including 92 reversible reactions and 26 irreversible reactions) and 50 species. Secondly, the ignition and combustion characteristics of this surrogate fuel in the shock tube and flat-flame burner, respectively, are simulated using this reduced mechanism, and the results are compared with the simulated results by using the detailed mechanism and the experimental data. Lastly, coupling this reduced reaction mechanism into CFD software (FLUENT), the combustion process in the individual flame tube of a heavy duty gas turbine combustor is kinetic simulated.
Methodology
Detailed reaction mechanism for n-decane Leclerc and his co-workers [13] simulated the combustion processes of fuel n-decane in a jet-stirred reactor [14] and a premixed laminar flame [15] . Their mechanism, generated automatically, included a massive 7920 reactions. Zeppieri et al. [16] developed a partially reduced mechanism for the oxidation and pyrolysis of n-decane, and it was validated against flow reactor, jet-stirred reactor, and n-decane/air shock tube ignition delay [17] data. The approach included detailed chemistry of n-decane and the five n-decyl radicals, and it also combined both internal hydrogen isomerization reactions and bscission pathways for the various system radicals.
Bikas and Peters [18] developed a chemical kinetic mechanism for n-decane. This chemical kinetic mechanism was previously validated using experimental data obtained from shock tubes, jet-stirred reactor, stabilized premixed flame, and a freely propagating premixed flame [19] . The good agreements between predictions and the experimental data obtained in the jet-stirred reactor, stabilized premixed flame, and freely propagating premixed flame were obtained. Ignition delay times calculated using this reaction mechanism agreed with experimental data obtained in shock tubes in the high temperature regime, while little discrepancies were observed in the intermediate and low temperature regime. This reaction mechanism was also validated with experimental auto-ignition data obtained in a counter-flow burner under non-premixed conditions. Following considerable modifications were made by Honnet et al. to this chemical kinetic mechanism to improve agreement with previous ignition delay time measured at low temperature in the shock tube [4] . These changes were necessary to obtain better predictions of auto-ignition of this type of surrogate fuel.The present study is begun with the detailed chemical kinetic mechanism proposed by Bikas and Peters (BP). The BP mechanism consists of 67 chemical species and 631 elemental reactions (including 265 reversible reactions and 101 irreversible reactions). At the same time, some modifications are made to this mechanism according to the report by Honnet et al. [4] . In the chemical kinetic mechanism, the rate constants k f of the elementary reactions are calculated using the expression k fk ¼ A k T b k exp½ÀE ak =ðRTÞ, where T is the temperature, R is the universal gas constant.
The quantities A k , b k , and E ak are, respectively, pre-exponential constant, the temperature exponent, and the activation energy of the elementary reaction k. According to modifications by Honnet et al., the values of A for some elementary reactions in BP chemical kinetic mechanism were modified, while the values of b and E were the same. The numbers of species and reactions were also not changed. These modifications were reported previously in details [4] .
Reduced reaction mechanism for n-decane However, the detailed reaction mechanism is too complicated. If we want to combine this complicated reaction mechanism with computational fluid dynamic codes (such as Fluent) to simulate the combustion process in the practical combustor (such as aero-engine), this size inflation of detailed kinetic mechanism requires significant computational time (from a few days to several weeks). Thus, simplification is performed to derive a more valid and general mechanism for the whole combustion domain. The potentially redundant species and reactions without decreasing predictive capacities of the detailed mechanism are eliminated. Although the simplifications can be achieved from various ways including lumped parameter method (LP) [20] , sensitivity analysis (SA), and time scale analysis (TSA), only sensitivity analysis is used in the current study [21] .
Sensitivity analysis is a powerful and systematic way to determine quantitatively the relationship between the solution to a model and the various parameters that appear in the model's definition.
The system of ordinary differential equations that describe the physical problem is of the general form: dZ=dt ¼ FðZ; t; aÞ ð 1Þ where in our case,
t is the vector of temperature and mass fractions, a = (A 1 , A 2 , . . ., A k ) is the preexponential constant of any reactions.
The first-order sensitivity coefficient matrix is defined as:
where the indices l and i refer to the dependent variables and reactions, respectively. Differentiating Eq. (2) with respect to the parameters a i yields:
Eq. (3) is linear in the sensitivity coefficients, even if the model problem is nonlinear. This equation is added to Eq. (2) and is numerically solved by an integrator like DASSL. The solution of Eq. (3) supplies the sensitivities of each state variable Z i to each parameter a j as a function of time t. Sensitivities for the ignition delay time can be obtained from the definition of the ignition delay time, as the time where the temperature reaches a certain level T \ , in our calculations, is 1500 K:
Implicit differentiation of this equation gives the desired sensitivity of the ignition delay time:
The sensitivities of the temperature oT/oa j are calculated from Eq. (3) and evaluate at t = s, as well as the source term of the energy equation oT/ot.
The complexity of the reaction mechanism is depended on the selection of sensitivity coefficients. The number of reactions (also species) is decreased with sensitivity coefficients selected increasing. If these sensitivity coefficients selected are too large, some reactions whose sensitivity coefficients are little but have effect on the fuel ignition and combustion characteristics will be removed. However, if these sensitivity coefficients selected are too little, the number of reactions (also species) is increased greatly. In this paper, our aim is to combine this reduced reaction mechanism with computational fluid dynamic code-Fluent to simulate the combustion process in the practical combustor (such as aero-engine). The computational fluid dynamic code-Fluent can compute the number of species is not more than fifty. So, for the sake of furthest reflect the predictive capacities of the detailed mechanism and the number of species is not more than fifty, in sensitivity analysis for the ignition delay time, we choose those reactions whose sensitivity coefficients exceeding 2.0, and in sensitivity analysis for species concentrations, we choose reactions whose sensitivity coefficients larger than 0.01. Combining the results of these two sensitivity analysis can lead to a reduced mechanism of fuel n-decane. Table 1 summarizes the crucial results from the sensitivity analyses conducted for the detailed mechanism of n-decane. As can be seen from the table, the reduced mechanism is characterized by 50 species and 210 elementary reactions (including 92 reversible reactions and 26 irreversible reactions).
Ignition delay time in the shock tube
According to the experiment described in Ref. [18] , the ignition delay times calculated at pressures of 12 and 50 bar using the detailed and reduced mechanisms are plotted in Fig. 1 . At each value of the pressure, calculations performed for equivalence ratio are 1.0 and 2.0, respectively.
In Fig. 1 , the solid lines donate the results obtained by the detailed mechanism, while the double dotted lines represent the calculations from the reduced mechanism. The symbols stand for the experimental data described in Ref. [18] . It is noted that the ignition delay times calculated from the reduced mechanism agree well with the experimental data and those from the detailed mechanism.
Premixed combustion in the premixed burner
It is generally recognized that premixed laminar flames constitute an attractive medium in which to study combustion chemistry. Such flames retain important transport features, which are not discernible in spatially homogeneous reactors. Therefore, this reduced mechanism is evaluated in comparison with the detailed mechanism computed and experimental profiles for major, stable intermediate, and radical species in laminar premixed flame stabilized in the flatflame burner.
In experiment described in Ref. [22] , the fuel was kerosene Jet-A1 containing 79 vol.% n-alkanes, 10 vol.% cycloalkanes and 11 vol.% aromatics. Flow rates of kerosene, oxygen, and nitrogen were adjusted to 1.06 cm 3 /s, 10.30 cm 3 /s, and 24.60 cm 3 /s, respectively. The equivalence ratio was kept at 1.7. In simulation, the reactants are composed of 3.2% n-decane, 28.57% O 2 , and 68.23% N 2 (mole fraction). The mass flow rate of cold gas is 10.74 · 10 À3 g/(cm 2 s). As shown in Fig. 2a , the mole fractions of reactants, e.g., O 2 and n-decane, computed by the detailed and reduced mechanisms are identical. As compared with experimental data, the profile of O 2 mole fraction is predicted well with the reduced mechanism; however, a little discrepancy in quantity is observed at the same time. It may be caused by the lower actual flow rate of O 2 during experiment compared to the consumption rate of computed determined from the detailed reaction mechanism. It deserves to be noted that most of the measured small species are predicted very well, as demonstrated in Fig. 2b-h . The exceptions are found on CH 4 , C 3 H 6 , and C 3 H 4 , which are under-predicted by approximate an order of magnitude in mole fraction. The mole fractions of most of the small species given by the reduced reaction mechanism are essentially consistent with those predicted by the detailed reaction mechanism except for those species, e.g., C 5 H 10 and C 6 H 12 . More interestingly, it is found that the profile of C 6 H 12 mole fraction is predicted better from the reduced mechanism than the detailed reaction mechanism in comparison with the experimental data.
From above discussions, we can found that this reduced reaction mechanism can provide a good prediction of the ignition and combustion characteristics of surrogate fuel n-decane. Thus, in the next sections, we will simulate the combustion process in an individual flame tube of one type of heavy duty gas turbine combustor using this reduced reaction mechanism.
Physical and computational models
The heavy duty gas turbine is a type of high efficiency and clean power engine, which is widely used in aero power generation. In this paper, the combustion process in the individual flame tube of one type of heavy duty gas turbine combustor is studied. The schematic of the individual flame tube used for numerical simulation is shown in Fig. 3 . It consists of several sections including cyclone, spray nozzle, five intake annuluses, and outlet section. The structure of this flame tube is modified in order to reduce the computational cost. The primary combustion holes and mixing holes are abscised and five intake annuluses replaced the cooling gas film. Fuel is introduced through the central position of the triaxial tri-propellant injector and swirled using a tangential swirl nut, whereas air is injected through the leading section and five intake annuluses, respectively. The injector used in the modeled swirl-stabilized combustor is a general swirl-cup type of liquid fuel injector operated at the atmospheric pressure. It provides pressurized atomization and dual-radial, counter-swirling co-flows of air to disperse the fuel, and thus promotes fracturing of droplet as well as enhanced mixing.
The computing mesh of this individual flame tube is shown in Fig. 4 . The mesh scales of the individual flame tube head and before the second intake annulus are 1 mm, others are 2 mm. The grid and node number are 437238 and 81649, respectively.
In the individual flame tube, a fixed mass flow rate boundary condition is imposed at the flow inlet. The inlet flow rate of fuel is set as 0.0032 kg/s and the inlet total flow rate of air is 0.2273 kg/s. The flow rates of air in each intake annulus are shown in Table 2 . The initial temperatures of both inlet air and fuel are 300 K. The outlet boundary condition is considered as pressurized outlet boundary condition and the outlet pressure is kept at 1 atm.
Results and discussions
In this section, both the flow and the combustion processes in the individual flame tube are calculated. For comparison purpose, two typical surrogate fuels for kerosene are chosen, i.e., C 12 H 23 and n-decane (n-C 10 H 22 ). Fuel C 12 H 23 has been listed in the fuel database of the CFD software (FLUENT) as the surrogate fuel of kerosene, and the reaction mechanism of this surrogate fuel in the reaction mechanism database of this software is one step reaction mechanism as C 12 H 23 + 17.75O 2 ) 12CO 2 + 11.5H 2 O (pre-exponential constant A is 2.587 · 10 9 , temperature exponent b is 0, and the activation energy E is 1.257 · 10 5 J/mole). But for surrogate fuel n-decane, a reduced reaction mechanism with 50 species and 210 elementary reactions is adopted, which is discussed above. Fig. 1 Comparisons of computed (detailed and reduced mechanisms) and experimental ignition delay time in a shock tube reactor (full lines: detailed mechanism; double dotted lines: reduced mechanism; points: experimental data [18] ). Fig. 2 The mole fractions of the main reactants and products. (Symbols designate experimental data [22] , double dotted lines and the solid lines designate the profiles given by the reduced reaction mechanism and the detailed reaction mechanism, respectively). toroidal recirculation regions: one at the corner and the other in the center. Interestingly, as compared with the results from one step reaction mechanism for surrogate fuel C 12 H 23 , the length of the center recirculation zone increased by using the reduced reaction mechanism for surrogate fuel n-decane. The possible reason may be the different physical characteristics of the two surrogate fuels. In addition, an increase in the length of the center recirculation zone might contribute to the additional formation of pollutants due to the increase in residence time.
The combustion characteristics associated with the two different surrogate fuels for kerosene are shown in the figures from Figs. 6-10. As can be observed in Fig. 6a , the flame of surrogate fuel C 12 H 23 is anchored in the two regions, such as the corner recirculation region and the v-shaped region around the center zone, with a peak flame temperature around 2300 K. Compared with the surrogate fuel C 12 H 23 , the overall temperature in the flame tube is lower, although the temperature distribution shape is similar, when computed using n-decane fuel, as shown in Fig. 6b . It may be possibly caused by two reasons. One lies in the difference of underlying heat loss of vaporizing liquid droplets, as depicted in Fig. 7 , the concentration contours of these two surrogate fuels in the flame tube. Due to the lower vaporizing rate of fuel C 12 H 23 than that of n-decane fuel, the length of the fuel C 12 H 23 jet appears to be longer than that of n-decane. Moreover, the concentration of n-decane in the center region is too low to provide enough fuel for combustion. So, as shown in Fig. 6b , temperature in this region is very low. The other reason may be the reaction mechanism adopted. When adopting fuel C 12 H 23 , one step reaction mechanism is used, and the fuel is completely combusted and the heat is released entirely. But in the case of n-decane, light hydrocarbons will be formed through the fuel pyrolysis reactions during combustion, e.g., n-C 10 H 22 ) 2 1 -C 5 H 11 , n-C 10 H 22 ) p -C 4 H 9 + 1 -C 6 H 13 , n-C 10 H 22 ) n-C 3 H 7 + 1 -C 7 H 15 and in the consequent reactions of these light hydrocarbons at low temperature and high temperature, as shown in Fig. 8 . The heat will be released gradually achieving an homogeneously overall temperature in the individual flame tube.
Figs. 9 and 10 show the simulated concentration contours of the full combustion product, e.g., CO 2 , as well as the intermediate species, e.g., CO, H, O, OH in the individual flame tube. It is worth noting that the concentration of CO 2 is higher in the high temperature region, as shown in Figs. 6a and 9a, as adopt C 12 H 23 and the one reaction step mechanism. Addition- (a) one step reaction of fuel C 12 H 23 (b) reduced reaction mechanism of n-decane ally, no CO species formed during combustion and overall reaction products are CO 2 and H 2 O. However, for n-decane and the reduced reaction mechanism, CO is only an intermediate species during fuel pyrolysis process. When there is enough amount of O 2 for fuel complete combustion, CO once formed will be rapidly converted to CO 2 . But if the fuel is partially combusted, CO cannot be entirely converted to CO 2 as a result high concentration of CO will remain in the flame tube. It can be seen in Figs. 9b and 10a, the high concentration of CO 2 is achieved only in the V-shape high temperature region. In the center region, as shown in Fig. 6b , the concentration of CO 2 is found to be lower in low temperature region than high temperature region while the concentration of CO is relatively high. The active species, e.g., H, O, and OH play an important role in combustion process. These intermediate species will activate the fuel combustion. As can be observed in Figs. 6b and 10b-d, the concentrations of H, O, and OH are high in the V-shape high temperature region.
Conclusions
A new reduced mechanism for surrogate fuel n-decane is developed. The aim is to retain only a small number of chemical species and reactions without losing accuracy. The predicted ignition delay times and the main reactants and main products mole fractions by this reduced mechanism agree well with experimental data.
By coupling this reduced reaction mechanism into CFD software, the combustion process in the individual flame tube of a heavy duty gas turbine combustor is kinetic simulated. For comparison purpose, another surrogate fuel C 12 H 23 , whose combustion process in the individual flame tube is also simulated, and one step reaction mechanism for this surrogate fuel combustion is adopted. There are a little of discrepancies in the flow and combustion processes of the individual flame tube adopting these two surrogate fuels, respectively.
(1) Compared with the results computed by one step reaction mechanism for surrogate fuel C 12 H 23 , the length of the center recirculation zone in the flow field in the individual flame tube increased, and the overall temperature in the flame tube is lower, although the temperature distribution shape is similar by adopting fuel n-decane. (2) When adopting fuel C 12 H 23 , the concentration of CO 2 is high in the high temperature region. However, when adopting fuel n-decane, the high concentration of CO 2 is only in the V-shape high temperature region, and the concentration of CO is high in the center region. (3) One step reaction mechanism can not reflect the effect of intermediate or active species such as H, O, OH on the combustion process of surrogate fuel. When adopting fuel n-decane and the reduced reaction mechanism is used, in the V-shape high temperature, the concentrations of H, O, OH are also high.
From the above discussions, it can be concluded that the simulated ignition and combustion characteristics of the surrogate fuel n-decane from adopting this new reduced reaction mechanism agrees well with experimental data. It also shows that this mechanism can be employed to predict the ignition and combustion of kerosene. This reduced reaction mechanism of fuel n-decane exhibits clear advantages in the simulation of the ignition and combustion processes in the individual flame tube over the one step reaction mechanism of fuel C 12 H 23 . Unfortunately, direct comparisons between the calculations and experiments are very limited since few published experimental data are available upon the simple laboratory flames of kerosene in the individual flame tube.
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